Introduction and notations
In this work the structure of the electromagnetic field in a lossy conducting medium is studied in detail. The meaning of the complex angle of refraction is explained in terms of real parameters involved in this problem. The concepts are illustrated with a wave refracting from air into pure water at a frequency of 95 GHz and an incidence angle of 60 . The approach is similar to that used to derive refraction in many electromagnetic textbooks, such as Stratton [1] , which has been cited in many of the textbooks published since. Our results agree with his for the real angle of the equiphase surface of the refracted fields, but we explore further subjects including the instantaneous and time-averaged Poynting vectors. 
where
denotes the relative complex permittivity of the medium.
In the text that follows, a subscript of 1 will always denote a quantity associated with medium 1, and similarly, a subscript of 2 will always denote a quantity associated with medium 2. Also, a single prime will denote the real part of a quantity and a double prime will denote the imaginary part of a quantity. Thus, if in the form
At the boundary at d ¤
, the tangential components of e and must be continuous. Hence
or,
and
Fresnel's formula can be presented in several different forms. Expressing the ratio of
, and r 2 i £ q bear the following ratios:
If we introduce the wave impedances
then, under the assumption that A ¢ ¥ ¤ 3 1
, we can state
and Fresnel's formula can be written in the form
then (20) can be changed to
So far the formulas are merely the formal solutions. In the first place, unless medium 2 is lossless ( 
The parameters ¡ 9
and ¡ 99
can be found by considering the relation
where again we assumed a ¢ ¤ # 1
and thus
Separating the real and imaginary parts of (29) and solving for ¡ 9
, we find
Going back to the expression for z we have, in terms of the new notations,
where we have arbitrarily chosen the phase of 
They describe an elliptically polarized wave in¨- 
and a minor axis to major axis ratio of
The instantaneous Poynting vector
is composed of a time-average component and a fluctuating component as follows: 
The direction of Ó makes an angle
with the vertical axis with
which is the same as the angle Ä of the normal to the equiphase surface. The fluctuating part of
Their locus is an ellipse which has the same shape as the ellipse of the magnetic field vector except it has been rotated by 90 because
The locus of
is shown in Figure 3 .
Transverse Magnetic
In the Transverse Magnetic case, where the magnetic field is perpendicular to the plane of incidence, the field components of the incident, reflected and transmitted (refracted) waves are
To satisfy the boundary condition at d ¤
, we again must have
, however, is different in this case because of the phase constant
Its locus is an ellipse which has the same shape as the one for the TE case because
It also has the same inclination because the phase difference between 
Application to the Air-Water Interface
For a given material, such as water, the complex dielectric constant is a function of frequency. Figure 6 shows the complex dielectric constant of pure water at 7 C from 1 GHz through 10 THz, as given by Ulaby, Moore and Fung [3] . The real part of the dielectric ranges from more than 84 to less than 5; the imaginary part ranges from essentially zero to more than 40; and measure of the direction of propagation. When e is perpendicular to the plane of incidence, the direction of Ó is the same as the direction of the normal to equiphase front. When is perpendicular to the plane of incidence, the direction of Ó is different from the direction of the normal to equiphase front. In both cases the corresponding and e are elliptically polarized in the plane of incidence.
